The chemical, physical and biological properties of PNA (peptide nucleic acid) is briefly reviewed. In particular, recent X-ray crystallography and NMR structural data on PNA complexes are discussed. Furthermore, effects of backbone or nucleobase modifications on the PNA nucleic acid hybridization properties are discussed.
INTRODUCTION
PNA (peptide nucleic acid) is a DNA mimic with a pseudo peptide backbone composed of N-(2-amino ethy1)glycine units (1-3) (Figure 1 ). PNA oligomers are conveniently synthesized by conventional tBoc-or Fmoc-solid support peptide chemistry (4-6), and they hybridize with high efficiency and sequence specificity to Watson-Crick complementary (anti-parallel) DNA, RNA or PNA oligomers (7) forming helical duplexes. In analogy to natural nucleic acids, homopyrimidine PNA oligomers form PNA,-NA triplexes with complementary homo-purine nucleic acids (2,8) and such triplexes show unprecedented high thermal stability (2,9,10). PNA was originally designed as a reagent for sequence spec& recognition of double stranded DNA & triplex binding in the major groove of the DNA double helix (1) . Surprisingly, however, homopyrimidine PNAs prefer binding to their homopurine duplex DNA target by strand displacement (1, 1 1, 12) via formation of an internal PNA * DNA -PNA triplex (12) (Figure 2 ). 
STRUCTURE OF PNA COMPLEXES
To date four "PNA st~~ctures" have been solved. The structures of a PNA-RNA (28) and a PNA-DNA (29) duplex were obtained by NMR methods, while those of a PNA,-DNA triplex (30) and a PNA-PNA duplex (31) were solved by X-ray crystallography. Briefly, these results show that PNA is able to adapt to its nucleotide partner since the conformation of the RNA strand in the PNA-RNA duplex is essentially A-form, while that of the DNA strand in the PNA-DNA duplex is closer to a B-form. Most interestingly, however, the X-ray structures of the PNA,-DNA triplex, and especially that of the PNA duplex show that PNA actually prefers a distinctly different helical structure, the P-form, which has a large pitch (18 bases) as well as a large (28 A) diameter. Nonetheless, the base pairs are perpendicular to the helix axis and exhibit close to A-form base pair overlaps. Thus it may be argued that although PNA is indeed a good structural mimic of DNA (or RNA) showing excellent hybridization and sequence discrimination properties, it is, of course, not a perfect mimic. Thus there should be plenty of opportunity for chemistry efforts to improve the DNAiRNA binding properties of peptide nucleic acid. Such studies naturally also serve the purpose of delineating the structureactivity relations of these DNA mimics in order to better understand their structural properties from a chemical perspective (27,32). 
BACKBONE MODIFIED PNAs
Modifications of the original N-acetyl-N-(2-amino ethy1)glycine PNA backbone have not yet yielded derivatives that hybridize more strongly to DNA or RNA (27). Therefore, this backbone seems to exhibit the favorable constrained flexibility required of a non-cyclic backbone. Nonetheless, fbrther constraining the backbone by cyclizing analogues to the sugars of DNA and RNA could well produce PNAs of improved hybridization efficiency provided that cyclic structures -that confine the backbone to the correct conformation in terms of low energy PNA-NA duplexes -can be found. Several attempts in this direction have already been conducted. Jordan et al. synthesized various amino proline based backbones and preliminary data indicate one of these (Figure 4) to exhibit good hybridization properties (33). We have constrained the backbone by substituting the ethyl part of the linker by a cyclohexyl moiety and the S,S-isomer shows hybridization properties comparable to those of the parent PNA (34). More importantly, however, thermodynamic measurements indicated a significant reduction in entropy loss upon hybridization as would be expected for using a more constrained backbone. Unfortunately, this more favorable entropic situation was fully counterbalanced by the decrease in enthalpic gain upon hybridization. It therefore appears that we did succeed in constraining the flexibility of the backbone, but at a low energy conformation that is different from the one preferred in the final PNA-NA complex. This approach therefore provides a very versatile means to mod@ and tailor-make the physico-chemical properties of PNA, and thereby properties that determine its pharmacokinetic and bioavailability properties.
ALTERNATIVE NUCLEOBASES
Only few nonstandard nucleobases have so far been reported in a PNA context. Pseudoisocytosine has proven very efficient as a "permanently protonated" cytosine analogue for Hoogsteen recognition of guanine in PNA,-NA triplexes (1 1,22) , and recently we found that substitution of adenine for diaminopurine results in PNA with sigtllticantly improved hybridization properties. Diaminopurine can form three hydrogen bonds with thymine ( Figure 5.) and thus increases the stability of the complexes. Due to the versatility of PNNpeptide chemistry the fbture will undoubtedly bring many other (new) alternative nucleobases in PNA technology designed for specific purposes, not least the recognition of 1-A adn C-G base pairs in triple helices.
Guanine Diaminopurine Figure 5 . Chemical structures of pseudoisocytosine-G-C triplet and diaminopurine-T base pair
PROSPECTS
The properties of PNA as revealed so far clearly position this type of DNA mimic as an important player in the development of gene therapeutic agents, in the development of genetic diagnostic technology both in medicine and molecular biology and also as molecular recognition system in its own right with interesting chemical and physical properties (27,36). The PNA work has even inspired the development of "peptides" that could be eventually be used for optical information storage. Thus a project that started out as an "exercise" in dsDNA recognition has opened doors to quite a broad variety of chemical, biological, medicinal and even material science fields.
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